The RD114͞simian type D retroviruses, which include the feline endogenous retrovirus RD114, all strains of simian immunosuppressive type D retroviruses, the avian reticuloendotheliosis group including spleen necrosis virus, and baboon endogenous virus, use a common cellsurface receptor for cell entry. We have used a retroviral cDNA library approach, involving transfer and expression of cDNAs from highly infectable HeLa cells to nonpermissive NIH 3T3 mouse cells, to clone and identify this receptor. The cloned cDNA, denoted RDR, is an allele of the previously cloned neutral amino acid transporter ATB 0 (SLC1A5). Both RDR and ATB 0 serve as retrovirus receptors and both show specific transport of neutral amino acids. We have localized the receptor by radiation hybrid mapping to a region of about 500-kb pairs on the long arm of human chromosome 19 at q13.3. Infection of cells with RD114͞type D retroviruses results in impaired amino acid transport, suggesting a mechanism for virus toxicity and immunosuppression. The identification and functional characterization of this retrovirus receptor provide insight into the retrovirus life cycle and pathogenesis and will be an important tool for optimization of gene therapy using vectors derived from RD114͞type D retroviruses.
Interaction of the retrovirus surface (SU) glycoprotein with its cognate cell-surface receptor is the major determinant of retrovirus tissue and species tropism (1) . In the absence of a specific receptor, virus entry is dramatically attenuated or undetectable. An important technique for the classification of retroviruses by receptor utilization is interference analysis. This approach involves assigning retroviruses to groups based on their ability to block entry by members of the group, but not members of other interference groups. Interference is determined genetically by SU and corresponds to a block at the level of virus entry mediated by binding of SU to its cognate receptor. Retroviruses have evolved to use many different receptors for cell entry that have diverse normal functions in cells, including transport of various solutes, immune recognition, and signaling (2, 3) . Identification of virus receptors frequently has provided insights into disease pathogenesis and virus life cycle and has offered fruitful areas for therapeutic intervention (4) .
The largest known group of retroviruses that use the same receptor on human cells is the RD114͞type D interference group (5, 6) . The 10 members of this interference group comprise viruses classified either morphologically as type C or type D or classified by their ability to be transmitted in the host germ line (endogenous) or horizontally (exogenous). When first discovered in the early 1970s, the RD114 retrovirus was considered as one of first candidate human oncogenic viruses (7) . It is now known that RD114 is an endogenous feline type C virus that readily infects human, primate, and dog cells, producing a syncytial cytopathic effect (8) (9) (10) . In view of its ability to transduce human cells, replication-incompetent vectors packaged using the RD114 pseudotype may be important for gene therapy (11) . The two other type C viruses in this interference group are spleen necrosis virus (SNV; refs. 6, 12, and 13) and baboon endogenous virus (BaEV; ref. 14) . SNV is an avian reticuloendotheliosis virus that causes death or immunodeficiency in ducks, depending on the age at infection, and produces a cytopathic effect in cultured avian, canine, and rat cells (15, 16) . Other avian reticuloendotheliosis viruses that share more than 90% nucleic acid homology with SNV (including REV-T and REV-A) all use a common receptor (17) .
The majority of type D viruses utilize the same receptor as the type C viruses described above. The type D viruses included in the RD114͞type D interference group are the spectacled-langur virus PO-1-Lu, squirrel monkey virus, Mason-Pfizer monkey virus (MPMV, also called SRV-3; ref. 18) , and other simian retroviruses subgrouped into separate serotypes (SRV-1, SRV-2, SRV-4, and SRV-5; ref. [19] [20] [21] . The profound immunodeficiency, retroperitoneal fibrosis, and anemia seen in many species of Asian macaques infected with SRVs is a major cause of morbidity and mortality in captive primates (22, 23) . The need to control SRV infection in captive macaques has led to the development of vaccines against several serotypes (24) . Although simian retroviruses exhibit a broad cellular tropism, which includes T and B lymphocytes as well as nonlymphoid cells (25) , they do not cause a cytopathic effect other than induction of syncytia in Raji human lymphoblastoid cells.
Many laboratories have sought the common cellular receptor used by the RD114͞type D virus interference group (5, (26) (27) (28) (29) . The earliest reports that the determinant of entry was located on human chromosome 19 were published two decades ago (26, 30) . Further localization to 19q13.1-13.2 and exclusion of many candidate receptors came from exhaustive analyses performed by Weiss and colleagues (5, 31) . In this report we describe cloning of RDR, the receptor for the RD114͞type D interference group, using a cDNA expression library. RDR appears to be an allele of the human neutral amino acid transporter hATB 0 (32) , which also can act as a receptor for the RD114͞type D interference group. Both hATB 0 , which was localized previously by fluorescence in situ hybridization (32, 33) , and RDR, which we mapped precisely using radiation hybrid cell lines, are located on the long arm of human chromosome 19 at q13.3. Infection of human cells with replication-competent viruses of this interference group leads to a reduction in transport of amino acids specific for hATB 0 , which offers a potential explanation for the pathogenicity of these viruses.
MATERIALS AND METHODS
Plasmids, Viruses, and Cell Lines. Nomenclature for retroviral vectors and pseudotypes conforms to previous usage (34) . Retroviral vectors based on murine leukemia viruses (MLV) include: LAPSN (35) , which expresses human alkaline phosphatase (AP) and neomycin phosphotransferase (neo); LNCG (36) , which expresses neo and the enhanced green fluorescent protein (EGFP; CLONTECH); LXSN, a retroviral expression vector (37) Helper-free retroviral vectors pseudotyped with gibbon ape leukemia virus (GALV) and RD114 envelope proteins were produced by using PG13 (38) and FLYRD (11) retrovirus packaging cells, respectively. VSV-G pseudotype virus was produced by transient transfection as described (39) . Wild-type viruses used include: RD114 (40); SNV [from clone pB101 (41) expressed in D17 cells as described (6) Polyclonal cell lines in which RDR was overexpressed were established by CaPO 4 -mediated transfection (37) . Briefly, NIH 3T3 and BHK cells (5 ϫ 10 5 cells per 6-cm dish) were transfected separately with pLXSN and pL(RDR)SN and were selected in G418 (750 and 1200 g͞ml active drug for the respective cell lines). D17 cells infected with SNV and MPMV were generated as described previously (46) and were obtained from V. Kewalramani and M. Emerman (6) .
Expression Cloning of RDR. To construct the cDNA expression library, total RNA was isolated from HeLa cells using a modified guanidium thiocyanate method, followed by purification of poly(A) ϩ RNA using an oligo(dT) cellulose column (47) . The first strand of cDNA was synthesized using XhoI-(dT) 15 oligo as a primer, and the second strand was randomprimed. An EcoRI adapter (5Ј-AATTCGCGGCCGCGTC-GAC-3Ј annealed to 5Ј-GTCGACGCGGCCGCG-3Ј) was ligated to the cDNA, which subsequently was methylated, digested with XhoI, and size-fractionated. The cDNA library was unidirectionally ligated into EcoRI and SalI sites (SalI and XhoI produce compatible ends) within the extended multiple cloning site of pLXL, which was then introduced into DH10B cells by electroporation.
The retroviral library (complexity of approximately 2.5 ϫ 10 6 individual clones) was pseudotyped using VSV-G as described (39) . NIH 3T3 cells (2 ϫ 10 6 total) were transduced at an estimated multiplicity of infection of Յ1 virus per cell. Gene expression was induced by exposing cells to sodium butyrate (10 mM) for 16 hr. The NIH 3T3 cell library was exposed to LAPSN(RD114) (titer 10 6 ͞ml) and selected in G418 (750 g͞ml) for 7 days. Distinct colonies were isolated and their susceptibility to infection by RD114 virus was tested using LNCG(RD114) vector. Expression of GFP from LNCG was assessed either by examination of cells using a Leica MZ-8 stereomicroscope equipped with a 100 W mercury vapor lamp and GFP Plus filters or by flow cytometric quantitation of at least 20,000 propidium iodide (1 g͞ml)-excluding, forward and right-angle light scatter-gated events using a FACSCalibur flow cytometer (Becton Dickinson).
DNA from reinfectable clones was extracted using a modified salt precipitation procedure (Puregene; Gentra Systems). Nested PCRs (eLONGase; Life Technologies, Gaithersburg, MD) were performed in a thermal cycler (GeneAmp PCR System 2400; Perkin-Elmer) for 40 cycles each of 94°C for 30 sec, 58°C for 30 sec, 68°C for 5 min, followed by incubation at 68°C for 10 min. Two primer pairs were used: 5ЈLXL-C (5Ј-CCAGCCCTCACTCCTTCTCTAG-3Ј) and 3ЈLXL-D (5Ј-ATGGCGTTACTTAAGCTAGCTTGCCAAACCTAC-3Ј) followed by 5ЈLXL-A (5Ј-CCGGAATTCGCGGC-CGCGTCGAC-3Ј) and 3ЈLXL-B (5Ј-GGCCGAGGCGGC-CGCTTGTCGAG-3Ј). PCR products were cloned into pCR2.1-TOPO cloning vector (Invitrogen) according to the manufacturer's instructions. Dye terminator cycle sequencing was performed at least twice in both directions using an Applied Biosystems DNA Sequencer model 377.
Retrovirus Titer and Vector Rescue. Retrovirus vector stocks were prepared and vector titer was determined as described (37) . All retroviral infections were performed in the presence of Polybrene (4 g͞ml). Staining for AP-and ␤-galactosidase-positive foci of vector-transduced cells was performed as described (48, 49) . Vector rescue was used to demonstrate that NIH 3T3 cell susceptibility to transduction by RD114-pseudotype vectors was conferred by viruses in the retroviral library. NIH 3T3 cells containing the cDNA library were transfected with plasmids pSX2 (encoding the 10A1 MLV envelope) and pLGPS (encoding gag-pol regions of Moloney MLV) to rescue the retroviral cDNA expression vectors as described (50) . Conditioned medium harvested from the transfectants was applied to naïve NIH 3T3 cells, which then were tested for susceptibility to infection with LNCG(RD114). Because G418-resistant cells containing receptor-candidate cDNAs should also contain LAPSN, the NIH 3T3 cells were also stained for AP (51) as a positive control for vector rescue.
Production of virus from HT-1080 and HeLa cells after exposure to replication-competent viruses was demonstrated by marker rescue using D17͞LAPSN cells (52) . Conditioned medium from cells was transferred to D17͞LAPSN cells in the presence of Polybrene (4 g͞ml). After incubation for 2 weeks to allow spread of virus, conditioned medium from these cells was applied to naïve D17 cells and transfer of the LAPSN vector was measured by staining cells for AP activity.
Amino Acid Transport. Cells seeded at 2 ϫ 10 5 ͞well in 24-well dishes (Costar 3524) were cultured overnight, and amino acid transport was assayed as described previously (53) . Briefly, cells were washed twice with transport buffer (32) at 37°C (5-min washes) and were incubated for 2 min at 25°C in transport buffer containing L-[3-STATVIEW 4.5 software package (Abacus Concepts, Berkeley, CA).
Chromosomal Localization. The chromosomal location of the human RDR gene was identified using the Stanford Radiation Hybrid Mapping Panel G3 (54) . PCR was performed on DNA extracted from each of the 83 G3 hybrid clones using primers R1b15FN (5Ј-TGGCTGCTGGAGTA-CATGTG-3Ј) and R1b15RO (5Ј-CCCAGTGGGGGCTA-GAATTC-3Ј) to produce a predicted 196-bp product (details are provided at http:͞͞www-shgc.stanford.edu͞Mapping͞rh͞ procedure͞rhassaynew.html). The resulting vector was submitted to the Stanford Human Genome Center Rhserver for chromosomal localization.
RESULTS
Identification and Cloning of the RD114 Receptor. Human cells are highly susceptible to transduction with RD114-pseudotype retrovirus vectors [titers Ն10 5 focus-forming units (ffu)͞ml on HT-1080 and HeLa cell lines] whereas murine cells are not susceptible (titer Ͻ1 ffu͞ml on NIH 3T3 cells). To screen for the retrovirus receptor, a HeLa cell cDNA library was constructed by cloning of the cDNA into a retroviral expression vector contained in a bacterial plasmid. Characterization of the library by PCR analysis revealed that 93% of clones contained cDNA inserts with an average size of 2.4 kb (range 0.4-6.0 kb). The presence of cDNAs corresponding to the large transcript of the transferrin receptor (5 kb), the rare transcript from the c-myc gene, and cDNAs for G3PDH and ␤-actin was demonstrated by PCR using cDNA-specific primers. Colony hybridization using a ␤-actin probe demonstrated a minimum ␤-actin frequency of 0.1%.
We introduced the HeLa cDNA retroviral expression library into murine NIH 3T3 cells by infection at a relatively low multiplicity of infection so that the majority of infectants would contain single-copy provirus inserts. The library-containing cells were then screened for susceptibility to RD114-pseudotype vector [LAPSN(RD114)] transduction by selecting them in G418 after exposure to the vector. Of 73 G418-resistant NIH 3T3 clones obtained from the primary screen, 67 (92%) were reinfectable with a different RD114-pseudotype vector, LNCG(RD114), as determined by the acquisition of cellular green fluorescence.
To demonstrate that susceptibility to RD114 transduction had been conferred by a cDNA introduced in a retroviral expression vector, we performed a vector rescue experiment on six independent clones. Transfer of cDNA-containing vectors from all six reinfectable clones rendered naïve NIH 3T3 cells sensitive to LNCG(RD114) transduction. The same vector rescue procedure performed on six NIH 3T3 clones that contained the library, but were not susceptible to infection by RD114, did not confer the phenotype on naïve NIH 3T3. This result confirmed that the RD114 susceptibility exhibited by these clones was conferred by vectors expressing specific cDNAs contained in the retroviral library.
Products between 800 and 2,900 bp were identified after nested PCR was performed on DNA extracted from 18 reinfectable NIH 3T3 clones. Of these, several larger products were selected for subcloning and sequencing. The sequence from clone R1b 15-1 revealed substantial homology to a human ''system B'' neutral amino acid transporter (hATB 0 ). The cDNA from this clone conferred susceptibility to RD114 infection (see below) and consequently was renamed RDR. The single ORF between bases 22 and 1,644 of the cDNA insert encodes a predicted protein of 541 aa with a molecular mass of 57 kDa. RDR shares 97% amino acid identity with hATB 0 (32) and 85% amino acid identity with both the presumed rabbit homologue riATB 0 (55) and a possible murine homologue ASCT2 (56) . A refined neural network analysis (57) of the RDR sequence predicts 9 transmembrane regions with the 53 amino-terminal residues located intracytoplasmically and the 96 carboxyl-terminal residues located outside the cell. As shown in Fig. 1 , two canonical Nglycosylation sites (58) occur in the second of five predicted extracellular domains of RDR. The sequence of RDR also includes 7 casein kinase II sites, 2 protein kinase C phosphorylation sites, 21 N-myristoylation sites, and signatures 1 and 2 of the sodium͞dicarboxylate symporter family. The 57-kDa predicted molecular mass for unglycosylated RDR matches the observed molecular mass of 58-60 kDa obtained when SRV-1 was used in immunoprecipitation experiments to identify its cognate receptor (28) .
The sequence of RDR (GenBank accession no. AF102826) differs from the published sequence of the human neutral amino acid transporter hATB 0 (accession no. U53347, ref. 32). In the coding region of RDR, there are four frameshift mutations and seven point mutations compared with the published hATB 0 sequence. To further investigate these differences, we resequenced the original DNA clone of hATB 0 obtained from the authors and confirmed the presence of the point mutations but not the frame shift mutations (GenBank accession no. AF105230). This result indicated that the putative frameshift mutations were errors in the original sequence of hATB 0 . The remaining 7-nt differences between RDR and hATB 0 result in 5-aa differences from hATB 0 at positions 51L 3 Q, 460I 3 V, 467D 3 G, 470V 3 A, and 515D 3 G. As such, RDR shares 99% amino acid identity with resequenced hATB 0 .
A partial sequence of hATB 0 , named SLC1A5, had been obtained previously by random sequencing of a human pancreatic islet cDNA library (33) . The gene for SLC1A5 was localized to 19q13.3 and was shown to be polymorphic in its 3Ј untranslated (GT) n region with seven codominant alleles in a Caucasian sample. Sequencing of hATB 0 and RDR revealed a (GT) 18 repeat in the 3Ј untranslated regions. Additional scattered nucleotide differences are present in the coding regions of published partial sequences, e.g., accession no. T11057. ) is similar to that observed for NIH 3T3 cells expressing RDR or hATB 0 shows that susceptibility to RD114 infection is complemented completely by these surface molecules. In a similar experiment in which polyclonal BHK cells containing LXSN or L(RDR)SN were tested for susceptibility to an RD114-pseudotype vector, we observed an increase from Յ2 ffu͞ml in the former to 2.0 ϫ 10 3 ffu͞ml in the latter. Again, GALV and VSV-G vector titers did not vary between the two BHK populations.
RDR Confers Susceptibility to Members of the
RDR expression in NIH 3T3 cells also conferred an increase in susceptibility to infection by SNV and BaEV, although the effect was less pronounced than that seen with RD114 (Fig. 2) . When tested on human HT-1080 cells, titers of the same stock of SNV and BaEV were Ͼ100-fold lower than those determined using D17 cells (respectively, 20 ffu͞ml compared with 4 ϫ 10 4 ffu͞ml for SNV, and 1 ϫ 10 2 ffu͞ml compared with 3 ϫ 10 4 ffu͞ml for BaEV).
Chromosomal Localization of RDR. We designed PCR primers using the 3Ј untranslated region of RDR that produce a single product when used to amplify human genomic DNA but that do not amplify sequences in hamster genomic DNA (data not shown). These primers were used in PCR analyses performed on DNA from 83 human͞hamster radiation hybrids that comprise the Stanford G3 Mapping Panel. The results of PCRs for localization of RDR produced the vector 0000000000 0000001010 0010000010 1000110000 0001000001 1000000000 0000010000 0010000010 001 in which a hybrid containing (''1'') or not containing (''0'') the human RDR sequence is indicated. This radiation hybrid mapping localized RDR to within 13 centiRay of marker SHGC-57346 (logarithm of odds score 12.10) located on the long arm of chromosome 19 at position q13.3. Consistent with this physical location, on the Genome Database (Johns Hopkins University, Baltimore, MD, 1998) cytogenetic map the SLC1A5 gene is placed between genes for the CD37 antigen and UNR (ubiquitously expressed nuclear receptor).
Infection of Cells with Viruses in the RD114͞Type D Interference Group Leads to Specific Reduction in Amino
Acid Transport. To demonstrate that RDR can function as a transporter of neutral amino acids, we examined substrate specificity in polyclonal NIH 3T3 cells containing LXSN or L(RDR)SN. As summarized in Table 1 , in contrast to the control amino acid (glutamate), uptake of neutral amino acids (alanine and glutamine) was increased in cells expressing RDR. In four experiments, the percentage increase of specific alanine uptake in NIH 3T3 cells was 29 Ϯ 15%.
Cellular uptake of alanine and glutamine, both specifically transported by hATB 0 , was examined in HT-1080 and HeLa cells that had been infected with wild-type viruses. As shown in Fig. 3, RD114 , MPMV, and BaEV each reduced specific amino acid transport in both cell lines. A similar pattern of reduced transport of glutamine and alanine was demonstrated in HeLa and HT-1080 cells, respectively (data not shown). Amphotropic virus did not have an effect on neutral amino acid transport (Fig. 3) .
Productive viral infection (10 2 -10 6 ffu͞ml) was demonstrated by marker rescue assay of HT-1080 and HeLa cells exposed to RD114, MPMV, BaEV, and AM-MLV. Wild-type virus was not detected in conditioned medium assayed from cells exposed to SNV or no virus control. The absence of productive infection by SNV correlates with its inability to reduce neutral amino acid transport in these cells.
DISCUSSION
In this report we describe the functional identification and cloning of the long-sought receptor for members of the RD114͞type D retrovirus interference group. We used a retroviral expression library derived from infectable HeLa cells to confer RD114 susceptibility on nonpermissive NIH 3T3 cells. Using vector rescue, we confirmed that cDNA contained within vector sequences present in reinfectable clones was responsible for conferring RD114 susceptibility. We expressed the cloned cDNA in nonpermissive cells and demonstrated its ability to encode a functional receptor for RD114, SNV, and BaEV. The single ORF encodes a protein, RDR, that is closely related to the system B 0 amino acid transporter, hATB 0 , which also acts as a receptor for RD114. Using radiation hybrid mapping, we obtained fine chromosomal localization of RDR within human 19q13.3. This localization concurs with previous independent mapping of hATB 0 and SLC1A5 by fluorescence in situ hybridization (32, 33) . Amino acid transport in NIH 3T3 cells expressing either the empty vector pLXSN or the receptor-containing vector pL(RDR)SN was examined. Uptake of 20 nM [ 3 H]amino acid was measured for 2 min at 25°C in medium containing sodium. The data are presented as mean uptake (cpm/well per min) ϮSD of triplicate measurements. Alanine uptake was measured in four independent experiments (mean increase of 29 Ϯ 15%), whereas uptake measurements for the other amino acids were performed once. The cloning of RDR adds yet another solute transport molecule to the list of cell-surface molecules that serve as receptors for retroviruses, including the cationic amino acid transporter mCAT-1 used by ecotropic MLVs and the phosphate transporters Pit1 and Pit2 used by GALV and amphotropic MLVs, respectively. Solute transport is sodiumdependent for hATB 0 (32) and presumably for RDR, and for Pit1 and Pit2 (61) . Solute transport by mCAT-1 is sodiumdependent for the neutral amino acids cysteine and homoserine, but not for the basic amino acids lysine, arginine, and ornithine (62, 63) . Perhaps the portions of these transporters responsible for sodium cotransport play a common role in retrovirus binding or entry. Conservation of RDR recognition among the relatively recently evolved type C viruses and the more ancient type D viruses present in Old World and New World monkeys remains an intriguing observation.
An explanation as to why human RDR may not function as efficiently as a receptor for BaEV and SNV in rodent cells may come from experiments demonstrating differences in the host range of known members of this interference group, possibly because of differential N-linked glycosylation (29, 64) . We and others have observed up to a 10 5 -fold increase in apparent titer of RD114-pseudotyped virus on murine, hamster, and feline cells after treatment with the glycosylation inhibitor tunicamycin (refs. 29 and 40; data not shown). Therefore, it may be that the RD114 virus-binding site on RDR is located at one of the two predicted N-linked glycosylation sites on its second extracellular domain. Furthermore, it is known that SNV and other members of the RD114͞type D interference group exhibit a posttranscriptional block to replication and possible inefficient preintegration in certain primate cells (65) . It is possible that inefficient processing of virus postentry in rodent cells could explain these observations.
A human packaging cell line that uses the RD114 envelope has been constructed for use as an efficient, complementresistant method of gene delivery in vivo (11) . The hATB 0 gene is expressed as a single, 2.9-kb transcript in human placenta, lung, skeletal muscle, kidney, and pancreas (32) . Therefore, transduction of these tissues should be possible by using pseudotypes from any viruses of the RD114͞type D retrovirus interference group. In addition, knowledge of the identity of the receptor used by the RD114 virus suggests interventions that could improve transduction rates in the ex vivo therapeutic setting. For example, up-regulation of hATB 0 has been demonstrated in human cells treated with epidermal growth factor or the neuroprotective agent aurintricarboxylic acid (66) and also in bovine cells cultured in amino acid-deprived medium (67) . In the context of human gene therapy using repopulating hemopoietic stem cells, expression of RDR on limiting numbers of primitive cells with defined phenotypes now may be quantified using reverse-transcriptase PCR.
We have shown that infection of cells by wild-type viruses of the RD114͞type D interference group can impair neutral amino acid transport. Consequently, we suggest that a receptor-mediated mechanism might account for the pathogenesis of diseases such as SRV-and SNV-induced immunodeficiencies. In such a scenario, chronically infected cell types exhibiting the greatest impairment of specific neutral amino acid transport essential for their metabolism would be predicted to lose proliferative capacity and become functionally impaired, such as is seen with B and T lymphocytes in SRV-induced lethal immunodeficiency. Furthermore, if the diseases are a result of a relative deficiency of intracellular neutral amino acid stores, dietary or parenteral supplementation may offer a useful therapeutic intervention. This hypothesis does not preclude a role for the immunosuppressive peptide previously found in the transmembrane region of many mammalian retrovirus env genes of differing interference groups, including 
